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STUDY OF ALTJMINUMdEFORMATIONBY EIJUCRONMICROSCOPY

By A. P. Young,C. W. Melton,and C. M. Schwartz

In this investigation,the slip-linestructurein a seriesof alu-
minwn singlecrystalsdeformedin tensionwas examinedin the electron
microscope. ~ severalof the crystalsthe slip-linestructurewas
examinedaftersuccessivestepsin the elongation.

In formlating a mechanismfor slip-bandformation,the e~eri-
mentsllresultsof this studyand of otherinvestigationswere considered.
Accordingto the proposedmechanism,slipin aluminumsinglecrystsls
originatesfrom a relativelyfew Jh?ank-Readsourcespresentbeforedefor-
mationin the annealedcrystaL. Dislocationloopssxe generatedby these
sourceson a few planesof the set of parallelslipplaneswith the
highestresolwedShe= stress. h3nk-Read sourcesfor slip on neigh-
boringpamllel planesare formedby the deflectionof screwsegments
into obliqueplanesin a mannersuggestedby previousworkers. T&
geometryof this deflectionmechanismis discussedin sanedetailto
showthat it may be feasibletheoretically,evenwhen the dislocations
are extendedas they probablym in aluminum. The basic differencein
the slip-linestructureof shninum or copperand alphabrass,as dis-
closedby previuusworkers,is accountedfor by showingthst,in the
lattercase,short-rangeorderq preventthe deflectioncifscrewseg-
ments. Otherdifferencesbetweenface-centeredcubicpure metalsand
their substitutionalslluysare discussed.

INTRODUCTION

This investigationhad severslobjectives:

(1)Developmentof a nondestructivereplicatechniquefor electron-
microscopeexaminationof slip-linestructure

(2)Determinationof the slip-linestructurein defomd aluminum

(3)Development of a theoryof plasticdeforiuationin aluminum

.. .—----- .. —.-—. _ ..- . ..— _ -. —— ..- —— —.—. .—-—-- . .. -----
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The developmentof a nondestructivereplicatechnique for electron
microscopy is important because it makes possible the examination of a
crystal titer various degrees of deformation. A nondestructive technique
was developed in this investigation, and it was used to follow the devel-
opment of slip-line structure in aluminum crystsd.s.Ways in which this
techniqpe can be used to greater advantage than it was used in this
investigation are suggested in the report. This replica technique has
another advantage over previous techniques, which depended on a chemical
separation of the replica from the metal crystal.. For this chemical
separation, a chemical hsd to be found which would attack the metsl but
not the replicating film, which was either metal oxide or silica. This
is not possible for noble metals such as gold or platinum smd probably
would not be possible for titanium, zirconium, and many other metals.

Therehas been considerable disagreement smong vsrious investigators
about the nature of the slip-line structure in deformed sluminum crystals.
There is good evidence that mechanical polishing may sffect the slip-line
structure (ref. 1). The crystals used in this investigationwere not
mechanically polished titer annesling but were electropolished in an
acetic-perchloricbath.

In the development of a theory of plastic deformation the data from
this investigationwere considered in combinationwith X-ray and other
data of various investigators.

This investigationwas conducted at Battelle Memorial Institute
under the sponsorship and with the financisl assistance of the National
Adviso~ Committee for Aeronautics. The authors wish to thati l&r.R. 1).
With for his part in the experimentalwork and Mr. L. L. Marsh for fur-
nishing the strain-smnealedcrystals for the investigation. Thanks are
also extended to Professor B. Chalmers and Dr. R. J.
discussions and suggestions during

MATERIALS AND

the course of the

TEST SPECIMENS

Harrison for helpful
work.

The material used in this investigationwas aluminum of $lg.$1$1-percent
purity. Single crystals grown both by the strain-annealmethod and-from
the melt were used. The strain-annealedcrystd.s had a round cross sec-
tion 0.505 inch in dismeter. The method of growing these crystsls has
been previously described (ref. 2). The crystals grown from the melt
had a square cross section, approximately 1/4 by 1/4 inch. These crys.
tals were obtained fromMr. M. Lsmiente of The Johns Hopkins University.
They were grown in a mold by the Bridgman method (ref. 3) and were single

crystals over a gage len@h of approximately 23 inches.
2

The crystals
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denotedby a letterplus a numberare the strdn-annealedcrystsls(e.g.,
cryst~s s68 and P64) . The uthercrystsllsare denotedby a numberonly
(e.g.,crystal4).

The aluminumcrystslsto be exsminedwere electropolishedwith no
previousmecbanicd polishing. Tbe crysl%lswere elongatedin a soft
machineby dead-weightloading. Afterelongation,replicasfor electron
microscopyweremade. Someof the crystsW were then repolishedand
elongatedagdn to revealslip-linestructurein prestrainedcrystsls.
Replicasweremade at each stageof elongation.

The electropolishingsolutionwas the sameas the one used by the
Wilsdorfs(ref.4) (30 cubiccentimetersof perchloricacid and 100 cubic
centhnetersof glacialaceticacid). Pol.isbingwas done at 10° C and
13 volts.

FaxfilD#impressionsof the surfacewere used for both lightand
electronmicrosc~. Silica-backedmetslreplicasfor electronmicros-
co~ were made by vacuum-evaporatingheavymetal on the Fazfilmimpres-
sionat a l-to-lshadowsngle. A thinbackingfilm of silicawas then
evaporatedat normaltncidence.The purposeof the silicawas to increase
the strengthsnd rigidityof the replicas. The Fsxfilmwas dissolvedin
acetoneby a methcdessentisllllythe ssmeas that describedelsewherefor
plasticreplicas(ref.5). After solutionof the plastic,the composite
metal-silicareplicaswere readyfor viewingin the electronmicrosco~.
Judgingfromthe finenessof someof the visibleslip-linestructure,
thereis no appreciableloss of detailin the plasticimpressions.The
granularappearancein someof the picturesis due to the shadowing
met&L. Gold or paUadium is easyto evaporate,but in each casethe
fihn is granuIar(ref.6). A @XtiIIUIU fihlliS not gmzluhr, but it iS
difficultto evaporate. Simultaneousevaporationof variouscombinations
of thesemetslswas tried. The filmwas granularin some tistances.A
combinationof 75 ~rcent platinumand 25 percentpsUsitLumseemedto
offer the best compromisebetweenreasonableease of evaporationand lack
of granularity.

For lightmicroscopy,goldwas evaporatedon Faxfilmimpressions.
Pictureswere takenby transmittedlight. Lsrge-scsleundulation in
the electropolishedsurfaceand variationsin thicknessof the plastic
film causedsomeof the lightmicrographsto appesrblotchy. However,
the fine detailis not obscured.

1A plastictape obtaimiblefromthe BrushElectronicsCo. To
replicate,the tape is moistenedon one sidewith acetoneand pressed
againstthe surfacewith the fingersuntil it sets.

-.— . . .. .. . ———. —.. —— _ ..— .— .—-. ——— —— .—. -— ...
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The replicasfor electronmicroscopywere supportedon a finewire

mesh. Theywere examinedunderthe lightmicroscopeto correlatethe
spacingof slipbandswith the size of the openingin the wire mesh.
~ I’@.iCSSWhich showedthe SSIW SpaCi~ Of bsmds
microsc~ were used. Thisprecautionwas to assure
structureseenin the electron-microsc~ was reaXLy
the cwer&llstructure.

REWEIS AND ~ON

in the electron
that the fine
representativeof

In the ctkcussionof the resultsthe terms “slipband”and “slip
line”have particularmeanings. The term “slipband”denotesthe marking
which appesm as a singleline in the lightmicrosc~. It is now knuwn
that this linemarldngis resolvablein the electronmicroscopeinto a
band of sliplineswhich are apparentlytracesof slipon singleplanes.
The terms“primaryslipplane”and “obliqueplane”are used in the dis-
cussion. ti a singlecrystal,which is not orientedfor duplexslip,
slipat moderatedeformationis primrily in one directionand on a
parallelset of (lIL)planes. A planeon which slip@kes placeis
calleda primsryslipplane. An obliqueplaneis a (Ill)planewhich
intersectsa primaryslipplamein a lineparallelto the slipdirection.

~ Wilsdorfs(ref.4) discoveredthat S~p l.iIleSin deformd &hl-
minumappearnat onlyin the slipbandsbut SJmost&ll overthe surface
of the crystal. They calledthe fine slipoutsideof the bandselemen-
tary slip. lR@res 1 and 2 of &Luninumcrystalsdeformedat roomtem-
peratureverMy that thereis fine slipoutsideof the bands. However,
the Wil.sdorfs’sta=nt that the fine sup is nearlyuniformoverthe
surfaceis @ verified. Thereactwlly appearto be zonesof fine slip.
Theseare particularlynoticeablein figures2(a)and 2(b). The @di-
stinctionthenbetweenslipinsideand outsideal?bandsis ratherblurred.

At 1.5-~rcent elongationthereis very littleindicationof slip
bands in the l.igbtmicroscope.However,examinationof figurel(a)
indicatesthat slipis alreadysomewhatlocsLLzed.Thereare,hawever,
wide gapsbetweenS21 the sliplines. Apparently,someof thesegaps
begin to fill in with sliplinesto formbandsat higherstress,as
shownin figuresl(b)and 2(a); This interpretationis not basedon
e~tion of the ssmearea aftersuccessiveelongationsand admit-
tedlyis somewhatspeculative.

If it is assumedthat stepheightson the surfacelessthan 20 amg-
stromshighwould not be detectablein the electronmicroscope,thenths
visibleslip15nesrepresentsllp of one planeoverthe next of a%out
10 sldpvectors. The assumptionis made here that slipof thismagnitude
takesplaceby the generationof dislocationloopsfrom a Frank-Read
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source(ref.7, pp. 69-9o). It has been suggestedby Koehler(ref.8)
and ogran (ref. 9) that an entireslipband csnbe generatidfrom one
FYamk-ResilsourceoriginsJQ in the crystalbeforedeformation.A screw
se~nt of a dislocationcan slideoff a primsryslipplaneinto snot@
primaryslipplanevia an obliqyeplane. The processis illustratedin
figure3. ~ deflection of the screwsegmentinto anotherplanein the
interiorof the crystalwill nut resultin any surface.evidenceof
cross-slip.

h a face-centeredcubicmetslthis defl.ectionprocesswill be
inhibitedbecausethe dislocationsare probablyextendedand will tend
to stayin the primaryslipplane● However,when movingdislocations
intersectscrewdislocationswith a tifferentBurgersvector,seguetis
of the movingdislocationsare transferredto the nex%psm31el plane.
These jogs (see,e.g.,fig. 12(b)) retardthe motionof screwdislocations
in the slipplanebecausethe jogs,which are in the edge orientation,
tiawebehindtr~ of vacanciesor interstiti~s(ref.7, pp. 69-9o).
That screw dislocations}robablydo move more slowlythan edge disloca-
tionshas been shuwnby Chen‘ad Pond (ref..10) and by Becker (ref.11)
in theirinvestigationsof the dynemicformationof slipbsnds in &Lu-
minum. The slowingup of the“-dislocationswith screwcomponentsmakes
it likelythat expandingloopsfrom a Frank-Readsourceare oblong.
Fairlylong screwsegmentsmay be formed. m outsideloopwill be the
most retardedin itsmdion and tbe other loops will pile up behindit.
When a long screwse~nt is neal.ysto~d in a primaryslipplane,it
msy be deflectedas shownin figure3.

The jogsnd Only stopthe progress0$ tbe screwdislocationin the
P= sHP P- but dSO providethe mec~-sm by whichthe extended
dislocationcan be deflected. The mechanismby which screwsegmentsmay
be deflectedis describedin more detailin appendixA.

In figures1 and 2, the spacingl@ween sliplinesis obviouslynot
uniformin eitherthe fine or the cosrseslipregions. However,there
arewhat mightbe termedsubbandsof s13pof similarspacingand step
height● This is particularlynoticeablein fi@re l(b) and in figure2.

Deflectionof a screwse~nt tito an obliqueplanewill not insure
slipin a para31elprimaryslipplane. A screwsegmentin the obligpe
planemust in turnbe formedandmove off the obliqueplaneinto a pri-
- SUP P-• Thismsy takeplacefsibilyreadilybecausethe primsry
Sup plSIES~ the p~S of high resolmd She= StreSS. The stress
re@red for the screwsegmentto h activatedas a Frank-Readsource
is inverselyproportionalto the lengthof the source(ref.7, pp. 69-9o).
It is expectedthat at low stressthe loop in the obliqueplaneq be
quitelargebeforea segmentlong enoughto act as a Frank-Readsource
is formed. The first slipplanesin a bandmay thenbe gpitewidely

.
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separated,SX3shownin figurel(a). Tbe
closelyspacedslipplanesas the stress
this hypothesis,it is evidentthatwhat
investigationin the electronmicroscope

.
bandwill fill in withmore
increases. In orderto verify
is neededis a step-by-step
of the formationof individual

Slipbands. Thiswouldbe a tediousjob,but it is entirelyfeasible
with the nondestructiverepllcatechniqueused in this investigation.

The Ersmk-Readsourcesformedby deflection- in the screworien-
tation. It is very likely,then,thst afterthe generationof a nuniber
of dislocationloopsthe sourceitselfwill be deflectedinto another
primaryslipplsne. ~ this happensa few times,saneregularityin
the spacingaud stepheightsof the slip-s mightbe expected. This
q explainthe subbandsof regularlyspacedsliplinesobservabk in
so many of th!emicrogrs@ls.

Examinationof the slip-linestru* at 1.5- and 4-p3xent elon-
gationindicatestkt the forms~ionof slipbandsmq alreadybe @te
extensive. Figurek(a) is a lightmicrographof crystalP68 with
s-percentelongation.A high densityof slipbandswith a rangeof
width is visiblein this phutogra@h.The questionariseswhetherthis
evidenceof extensiveslip-bsndformationis a surfacephenomenonor
is indicativeof the conditionin the interiorof the crystal..E Frank- “
Resd sourcesgeneratebandsthroughoutthe crystal.,therewill be islands
of slip. On lesdingsmd trailingedgesof theseisl.suds,edge disloca-
tiO~ Of ~OSite Si@lare piledq. Thesepileupsresultin local.cur-

.

vshre in the slipplanesand tiltingof blocksof the crystal.between
pileupsof oppositesign. The 10CSJ.curva- and tiltedblockscould
accountfor the X-rayasterismfoundby Honeycomb (ref.12) in an alum-
inum crystaldeformedin tension. Honeycomb noticedsomeblurringof
Ewe reflectionssfterl-percentexknsion end verymarkedasterism
after4- to q-pxccentextension.Apparently,evenfor smallextensions,
sliptakesplacein the interiorin bands and not by uniformfine slip
as postulatedby the Wilsdorfs(ref.13).

Hgure h(b) is a lightmicrographof an aluminumcryst&lelongated
20 percent. Ccaqxxrisonof figuresh(a) and h(b) indicatesthat the
s~p-bsnd densi~ mqf not be much greaterat 20-@rcent elongationthau
it is at >percent elongation.Examinationof severslssmplesin the
electronmicroscopeindicatidthat underincreasingstressthe slip
bandswidenwith the sdditionof more s13plinessnd that someof the
alreadyexistingsliplinesgrow deeper. Withoutfollowingthe progress
of sliplinesin the samearea,the exactmannerd slip-bandformation
must be somewhata matir of conjecture.

Whetheror nut most of the slipbends
strti dependson the initial.distribution
Crystal.

are nucleatedat fairlylow
of Ehnk-Read smlrcesin the

.

“
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Not much is knownaboutthe distributionof dislocationsin an
annesledmetal crystal. The most reasonableassmption is that the dis-
locationsin a cnibiclatticeform a three-dimensionalnetwork. VisusJ.
evidenceof sucha networkhas been foundin a silverbrcmidecrystal
(ref.14). The resol..dshearstressneededto activatea lWzuk-Read
sourceis inverselyproportionalto the lengthof the source. The
resolvedshearstresson the primaryslipplanesat ~-percentelongation
is approximatelyfivetimesthe criticalresolvedshearstress. Some
appreciablefractionof the IYsmk-Resdsourcesmust be activatedat or
nearthe criticalresolvedshearstress. If the sourcesare segments
in a three-dimensionalnetwork,thereare probablynck manywith lengths
lessthan one-fifththe lengthof tbe longestsegments. It seemslikely
thenthst at 5-percentelongationmost of the sourcesorigins31yin the
annealedcrystalhavebeen activatid.

Becker (ref. 11) follcmedthe gruwthof slipbandsas a function
of timeby measuringthe lightintensityof the resultinglines. He
foundthatwith a constantlyincreas@g stressthe slipbandsdid not
developuniformlywith timebut increasedin steps. This is in accord
with the premisethatthe screwse#ne?rtwhich is deflected,q be too
shortto be an iuuuediatelyactivelRmnlc-Readsuurce. When the proper
stressis reached,a few loopswill be quicklygeneratid.Becker’s
methodwaa probablynot”sensitiveenoughto recordthe additionof a
singleslipline. It iS - ~~ that he recordedthe formstionof
a groupof sliplinesat approximatelythe samestress. Thismight occur
when the Frauk-Readsourcesin the screworientationare defl.ected.

The simplestexplanationof the fine slip-15nestructurein the
deformedaluminumcrystalsis that it is a ~sult of dislocationloops
fromFrsmk-Readsourceswhichwere originallyfartherbelowthe surface
thsnthe sourceswhichgeneratithe strongerlines. Tbisprobably
accountsfor most of the finelines. %me of themq be accountedfor
by anothermechanism. Sane of the screwsegmentswhich slideoff the
dislocationloopsare probablytoo shortto be activatedas Frank-Read
sourcesby the externalappliedstress. However,the appliedstress
~ be reitiorcedby the stressfrom an adjacentpileupof screwdis-
locations.The forceon a screwsegment1 micronfromthe centerof a
pileupof screwdislocationsrepresentinga totalslipof 5,000 mgstroms
is appromtely eqpalto the forceexertedon the se~nt by the exber-
~ amlied stressat 5-percentelongation.

TILLstheorysupposesthen that all the slipin the crystalis gen-
eratedfrom relativelyfew Frank-Readsourcesoriginallypresentin the
crystal. ~ Wilsdorfs‘ theO~ (ref.13) USUS that SOU?3X3Sresponsible
for the fine sllpare akreadypresentin the annealedcrystal. This
presupposesa dislocationdensityof about108 dislocationlinesper
squarecentimeter(ref.13). RecentX-rsydata (ref.15) indicatetlmt

--. ..— ..-—.- .— - ..- — - .— . ..— — . -.— —— -----— .
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the dislocationdensityin an anneskd crystal~be much luwerthan
wa8 previouslyassumed. !Jhedensi@ m4ybeaslowas5 .x1061ines per
squarecentimeter.Admittedly,the interpretationof the %rsy data is

e-

gpestionablewhen so littleis knownaboutthe actual‘distributionof
dislocations“insm annea3edcrystal. Some~ormation, fra X-raydif-
fraction,aboutthe relativeincreasein dislocatimdensi~ when an
annealedcrystalis skLghtlydeformedin tensionwouldbe helpfulin
formulatinga theoryof defo-ion.

Straiu-hardeningin a deformedface-centeredcnibiccrystalcan arise
from & ccmibinationof causes. Expansia of dislocationloopsis retszded
by the fonnationof jogs (ref.7, pp. 69-9o). -o, when the dislocation
densityis high enough,interactionbetweenedge dislocationsof opposite
signis lilQ31y.The stressrequiredto mum edge dislocationspast each
otheron neighboringplanesis dependetion the distancebetweenthe
p-s (ref.7, p. 1.28). AS the density of edge dislocationsincreases,
greaterstressis requiredto move themthroughthe crystal.

~carefulhauahg of the crystalsand avoidanceof mechanicalpol-
ishingbeforeextension,Rosi (ref.16) has shuwnthat in alumina, copper,
and silmr crystals,nat orientedfor duplexslip,the stress-strain
curmhas thegeneral charactershownin figures. !l?hecurvesshowa

.

regionof easy glide~ to between2- smd 4-percentstrain,dependingon
the orientationof the crystals. This regionof easy glidewouldlx
likelyif most of the lhxulk-ReadsourcesOriginallyin the crystalWem
activatedat low strs3L The sourcescan generatea few loopsat low
stressbeforehardeningby the fomation of jogst-s place. Apparently,
fromfigure1, sme of the longersegmentswhichhavebeen deflectedare
alsoactivatedat low str+ns. As the lhx3nls-Readsuurcessad the dher
longersegmentsare usedup, increasingstressis requiredto expandthe
etistingloopsand to activatethe shortersuurces. The regionof easy
glMe givesway to a regionof more rapidstrain-harde~..

The regionof easy glidecsm-be-eenstrueds+ evidencefor the theory
that nearlyall the l&ank-Resdsourcesorigina3Jyin the annesledcrystal
are used up in the earlystagesof deformation.It must be adndtted,
huwever,thstmany instigators havenut observedthisregionof easy
glidein the stress-straincurvesof alminum or coppersinglecrystals.
It is nub appare~a the literaturew= thereis suchgravedisagree-
ment amongobserversregardingthe shapeof t16 stress-strdncurves.

No mentionhas beenmade as yet of the relationshipbetweenkink
bands and strain-hardening.No a%temptwas made in this investigation
to exsminethe structurein a kinkband in the electronmicroscope. KLnk
bsmdsare probablynucleatid~ the tilt of a particularlylargeblock
betweenthe leadingand trailingedgesof two islandsof slip (ref.17). “
Undercertainconditionsthe edge dislocationsmay nut mum past each

.

,.
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otherbut are stuckin the crystaland becometrapsfor otheredge dis-
locations.Whateverthe mechanismof kink-bandformationmsy be, Nabsrro
(ref.18) has remarkedthst kinkbandsare probablynot very important
in the strain-hsrdeningmechanismbecausethey are so far apart.

Electronmicrographswere tsl=nof ahmimnn s- crystalselon-
gatid20 ~rcent. Someof these crystalshavebandswith ~ or more slip
Mnes, as shownin figure6. The electron-microscopeexaminationcon-
firmedthe conclusionfrom the lightmicrographsthat thereis no marked
increasein the numberof bandsbetween5- ad 20-percetielongation.
Tbe bandsare nmh wider and apparentlyhavefilledin with sliplines.
Accordingto figures6 and y(a),thereis no realbasis,for a theoryof
slip-bandformationbased on regularityof slip-linespacingsnd step
height.

Figures 7(b) and 8 showthe structurein a crystalwhichwas elon-
gatedin steps. Aftereach step,replicaswere made and the crystal
Was repolished.R@ure 9 shows the structure in a crystsl strained
20 percent-r a 20-p=cent tensileprestrain. Thereis a Smbiguim
in the interpretationof figures8 and 9. - sliplines couldbe either
fromthe e~ansion of loopspreviouslyformedin the crystalor from
loopsnewlyformed-r tbe prestrti. One can surmisethat the loops
in the centerof the band in figure8(a)had formedand expandedbefore
prestrainand that the loopson eitherside of the denterwere formed
afterprestrainand gave riseto a largersmountof slipthan did the
loopspreviouslyformedand e~anded. A similsrand more extremecase
of the same conditionmsy be true ih figure8(b).

Thesephtiographsdo shuwthat the slip stilltakesplace in bands,
even at high strain. It mightbe possiblewith the aid of locatingmarks
to take electronmicrographsof certainareasand then,afterlight
repolislrlmgand restraining,to tskemore picturesof the ssmeareas.
This shouldgivemore informationaboutthe developmentbf SUP bsnds.

Figure10 shuwsthe slip-linestructuresuperposed on the subgrain
structureobtainedwhen an sluminumcrystslwas chemica23ypolishedin
AlcoaR5 Bright Dip.2 Thereis no apparenteffectof subgrainboundaries
on the slip. The sliplineswe= nti so well definedwith this polish.
Thereis probablya chemicalfilm of some sorton the surface.

An attemptwas made to deform&Luminumcrystalsin both rapidstrain
and creepat 500°F. The smipleswere coatedwith siliconeoil. Neither
sampleshowedany resolnble slip-linestructurein the electronmicro-
scope. The surfaceof the crystalwas evidentlyoxidized. A crystalwas
then coatedwith siliconeoil and strainedrapidlyat 500°F in a helium

2A patentedchemicalpolishingfomnulalicensed~ AluminumCompany
of America.

----- —.... . . ..—.—.-.—.— ._. — .— .— — -—— .— —.- ---
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atmosphere.Some structurewas visiblein the electronmicroscope,bu%
most of the bsuds showedevidenceof a crackedoxidefilm. ELnaXly,a e
crystalwas rapidQ strainedd 230°F in a heliumaiznosphere.ELg-
wres n(a) and n(b) are electronmicrogrqhsmade fromthis crystal..
Thereis no reaKIYsigdficsntdifferencebetweenthe stru* in the
crystalsdeformedat roomtemperatureand at 230°F. The bsndsin the
crystsldeformedat 250°F q be wider,on the a-rsge. Kbehler(ref.8)
has proposedthat the deflectionof screwsegmentsW be due in part to
thermalfluctuations.This couldaccountfcm wider slipbandsat ele-
vatedtemperature.

Some crystalsshouldbe deformedin both rapidstrainand creepat
a tenpraturehigherthan 250°F. Evidently,Edlmlinumcrystalsmust be
strainedin a high vacuum. It wwld probablyk easierto use gold crys-
tals for electron-microscopeexaminationof face-centeredcubiccrystals
strainedti elevatedtemperatures.

Aluminumcrystalsstrainedin tensiononlya few ~rcent e=bit
considerableX-rsyasterism. Cadmiumcrystals,on the otherhand,exhibit
very littlessterismsfternearly100-prcent elongation(ref.12). Cad-
mium crystalsstrainedin tensiondo nut form slipbandsas does aluminum. -
Sometimesthereis an extraordinaryamountof slipon singleplanes
(ref.19, fig. 3 ~OSite p. 8)● This indicatesthat X-rq asterismis
relatedto slipbands in the mannerpreviouslydiscussed.The absence
of Zrsy asterismand slipbsmdsin cadmiumcank explainedIW the fact ‘
thsk C8dmiUmS~pS On basalphS . !T!hereare no obligyeplanesfor the
transferof slipbetweenprimarYslipplanesby the deflectionmechsmism.

It haa been shownthat slpha-lmasscrystslsstrainedin tension
exhibit &host no X-rayasterismso long as slipis confinedto a single
set of planes (ref.20). ~0, the Wilsdorfs(ref.@ have _ that
the sliplinesin alphabrassas seenin the electronmicroscope.do nat
appearto be in b- as they are in alminum. The slipappearsto be
for the most,psrtoh rsndomlyspacedsingleplanesand variesin step
heightfrom a few angstromsto a few thousandangstrcms.TheW~dorfs
obsezwedsJ.mostno slipin brass ccunparablewith what tky calledelemen- .
tsry slipin aluminumand c-r.

Alphabrasshsa the face-centeredcribicstru*. Therefore,
obliqueplanesfor the transferof slipbetw&enprimaryslipplanesare
present. The deflectionmechanismfor transferof slipbetweenprimary
slipplanes,whichproducesX-rsyasterismand slipbands in aluminum,
is apparentlynot

Y
erativein brass. Tbis canbe explained~ a theory

proposedby Fisher ref. 22) and discussedmore fulllyby Cuttrell
(ref.23). Cottrellhas explained~, in a crystalwith short-range -
ordering,the initialmtiionof a dislocationin a slipplsneregpires
a highresolvedshearstress. Slipbecomese~ier as the dislocation
movesthroughthe crystaluntil.,when the dislocationhas moveda distance “
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one-hsdfthe amm3ge lineardimensionof an ordereddomain,slipis no
longerblockedby short-rangeorder. lh’ief~,tihiSphe~~ iS due
to the fact that,when the dislocationadmnces throughthe first,third,
and succeedingodd-numberedslipvectors,Ilke atomsare moved into
neigliboringpositions,thus rsdsingthe energyof the dislocationline.
The effectdecreasesss the dislocationmuvesuntil,when the dislocation
hasmcmed hslfthe sxeragelengthOfanordered domain,ssmsay like
atomsaremoved apartas aremovedtogether.

In an &Uqy with short-range order, deflection of a screw segment
into an obliqueplaneis unlikelybecauseof the hi@ energybarrierfor
the firststep. The fact that thereis neitherslip-bandstructurenor
fine line structurein brassis addedevidencefor the theorythstboth
the slip-bandstru* and the fine slipin &Luminumare probablyprod-
Ucts of the deflectionmechanismwhich is uperativein aluminumand-
nd in brass.

There is X-rq evidencefor short-rangeorderin slpha-brass
(ref.4). AbO, the Ifilsdorfs(ref.~) hawe nuted the S~@
betweenthe stress-straincurvesd aQha brass and copper-goldslloys
that are knownto be ordered. Thereis alsothermodynamicevidencefor
short-rangeorderingin brass (ref.25).

Koebler(ref.26) has notedthat,when slipis initiatedon one
set of paralld planesin a brass”crystal,slipwill.continueon the
sameset of planesuntilthe crystal.has rutatedto the placewherethe
resolvedshesrstresson a secondset of planesexceedsthe resolved
shearstressoh the firstset~ the smountof the yield stress. When
slipdoesbegin on a secondset of planes,it proceedsmuch the sameas
it did on the firstset. @eminent multiplesliplineshavebeen seen
by severalobsemers in deformedbrassin the lightmicroscope. The
Wilsdotis(ref.2L) observed,in the electronmicroscope,multipleslip
in brassin whichthe primaryand secondaryslipplaneswere
indistinguishable.

Thisphenomenonis uncmmon in aluminumor copper. The reasonfor
this deference probablyis that slipin aluminumand copperin the pri-
= slipplanestskesplaceby the generationof a greatmsny disloca-
tion loopsof relativelysmallarea. ti brass,on the utherhand,slip .
a~srently occursby the generationof relativelyfew loopsof lsrge
area. For a givensmountof slip,the densityof screwdislocationin
the primaryslipplanesin al.wnimnnamd copperis high,while it is
relativelylow in brass. The screwdislocationsblock slip on other
plauesin whichbath the slipdirectionand slipplaneare different.

The deformationmodes of cupper.and brassare then gpitedifferent.
This is probablythe exp~tion for the observeddifferencein rolkn
textureof copperand a@ha brass (ref.27). On the atherhand,the
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rolllingtexbureof a c-r-nickel alloyis nearlythe sameas the
coppertexture(w. 28). TJM slip-linestru* of the copper-ni~l
allw shuuldbe examinedin the electronmicroscopeto seewhetherit
is more nearlylikethe copperor the brassstructure.

The defoms%ionmode of alphabrassIUW explainits extrbmedu-
tility. In a polycrystaKKnematerial,slipin a grainhas to take
place on severalslipsystemsif the grdns are to maintaincontactat
the grainboundaries. Slipon sny of the potentialsystemsis probably
relativelyeasy in brassbecausethey are nch hardenedSga-t multiple
slip.

Seversltheoriesof solution-hardeninghavebeenproposed(ref.29).
Apparently,an &lluyin which short-range-orderhardeningis predodnant
~ ham quitea differentdeformationmode from an aKLoyin which some
other@pe of solution-hardeningpredominaks. The differencein defor-
ution modeswill probablymean a differencein mechanicalpr~rties.
It appesrsthen that an investigationof slip-linestructureand of the
dMferent typesof solution—hardax@indlloys msybeof more than
academicinterestto tha metallurgist.

.

BattelleMemorislInstitute,
Coluribus,Ohio,August1,.1955.

.
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APPENDIXA

.

MECHANISMOF IEFLKXION OF AN E~

DISLOCATIONINTOAN OBLIQUEPLANE

The energy of a straigkt dislocation line is increased by jogs
becausethe exbended“dislocationsare compressedat the nodes. firoh
(ref.30) has suggestedthat the energyof a dislocationline can be
laweredif jogsof unlikesignmove togetherand annihilateeach other
while jogsof like sign jointo make deeperjogs. .Eetweentwo jogsof
oppositesign a screwse~nt is sheady deflectedintothe obliqueplane
as shownin figures12(a)and 12(b). If the segmentis long enough,the
forceof attractionbetweenthe unlikesegmentsq be counteractedby
the tendencyfor eqansion of the dislocationloop in the ob13queplsne.
The sqpent betweenthe jogsmsy be the tuhil.lengthof the deflected
segmentas in figure12(a);or possiblya smallsectionbetweendeep jogs
in a long screwsegmentas in figure12(b)@ eqmnd and pull the remdn-
der of the segmentintothe obligyeplane. It can be shownthat this
latter possibilityis unlikely.

Figure X2(c) is a magnifiedview of the jogsaud interveningsegment
in figure12(b). The crosshatchingrepresentssn extendeddislocation
in the horizontalslipplane. The partisldislocationshawe to come
togetherat the jog. Ikforeauy more of the screwsegmentcan slipoff
irrtothe obligpeplane,the psrtial.shawe to be muvedtogether.

In expsndingthe area of slipin the obliqueplane,the dislocation
willl.moveandwill be curvedat the nodesas shownin figure1.2(d).If
it is assumedthatthe curveddislocationis not extended(ref.7, p. 105),
then its linetension l! is appro-tely equalto the energyper unit
lengthof a perfectdislocation:

T (Al)

where G is the averageshearmodulusof the material and b is the
_tude of t~ s~p vector(ref.31). In orderfor any more of the
screwsegmentto be deflectedintothe obliqueplanethe partialdis-
locationsmust be movedtogether. The sum of the unit-lengthenergies
Of the two par-tialsis about2/3 T. The energyper unit lengthrequired
to move the partialdislocationstogetheris 1/3 T. ThLs is the force
opposingthe motionof pointsA or B alongthe screwdislocation.The
forceat pointB is T cos e where (3 is the anglebetweenthe curved
dislocationin the obliqyeplateand the undeflectedscrewdislocation
is shownin figure12(d). For cos 6 ~ 1/3 or El~ 70°,an infinitesi-
mal segmentof the extendeddislocationwill closesnd move intothe
obliqzep-.

. -.—. ——.— .--— — —— ___ _ _ ___ ___ ------- _
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U? the farthest pointof ~netration of the dislocationloop into
.

the obliqueplanein figure12(d)is at_thedistance d fran the inter-
sectionof the
at the node is

planes,thenfor e = 70° the radiusof curvature R .
appro-tely

R= d = o.75d -
l+cOse

The forceon the dislocationis F = T/R. Tberefore,

(A2)

(A3)

H T is the resolvedshesrstresson the obliqueplane,then

F=Tb (A4)

The shear stress remd for e = 70° is

T _ 1.33(%

d

H T were equalto the resolvedshearstresson the prhuaryslip
planesat about5-percentelongation,d wouldhave to be about4 microns.
This is many times greaterthan the spacingbetweenthe sliplinesin a
slipband● It is milikelythen that deflectiontakesplaceby a short
se~nt betweenjogspullinnthe rest of the screwdislocationintothe
obliquep-.

IX a long se~nt between jogs is deflectedas in figure12(a),
then it is likelythat a segmentfrom an innerloopwhichhas not crossed
verymany screwdislocationswill be deflected.The sourcesthemselves
in the screworientationwill probably& deflectedafterenoughloops
sre generatedto createsufficiexrtback stress.

If a long screw se~nt, as in figure12(a),is deflected,tbe
repulsiveforce%etweenscrewdislocationsof the ssmesignwill push
the segmentfurtherintothe obliqueplane. Thisforcewill be in addi-
tion to the forcedue to the resolvedshearstressin the obliqpeplaue.
The approdmatemagnitudeof the repulsiveforcetendingto push the
screwse~nt intothe obliqueplane canbe calculatedas follows: .

.

(A5)

If n dislocationsare piledup againstan obstacle,the number
of dislocationsthat csnbe packedinto a length L of the slipplane
is approximately(ref.19, pp. 104-107)
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n s fiL~/~ (M)

Where G iS the ri@dity modlihlS- U iS the resolvedShe= stress
on the slipplane.

In a coordinatesystemwherethe xz planeis a primaryslipplane
and a screwdislocationis parallelto the slip-s, the stresscom-
ponentsfran the screwdislocationsare

Gby
Txz ‘-—%&+. $

.-
‘Yz 2XX2:Y2

E’ a deflecteddislocationparallelto
distance D intothe obliqueplane,then

$=$+Y2

(A7)

.

(M)

the z-axLshas moved a

(A9)

where X and Y are the componentsof D alongthe x- and Y--S as
shownin figure13.

The undefl.ectedstressdislocationsshownin figure13 represent
segmentsand extenda distance L intoa primaryslipplane,the
xz plane,where L is parallelto the x-axis. The stressat the
deflecteddislocationpositionis the sun of all the stressesfrom the
dislocationsin the primaryslipplane. If the sum is replacedby an
integral,then the stresscomponentsat the deflecteddislocationposi-
tion are

Gnb

J

X+-L
Tyz = —

x2:Y2&21&x —

From equdion (A6 ),

(Klo)

(All)

(A12)

--- .—-- --— . .. —. -—. —-— .—— — —— .— . .-
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The shearstressfor slipin the obliqueplaneis

T = -Tn SiI.119.5° + Tyz COS 19.5°

For valuesof X and Y smsdlcomparedwith those

nearlyindependentof D:

T= = a/6

(A14)
.

of L, Tw iS

(A15)

(KL6)

At 5-~rcent elongationa reasonablevaluefor L is 4 x 10-4 cen-
timeter. lY D is kOO angstroms,

Tyz = 2(7 (A17)

From equation(A14)

This calculationwas basedon the suppositionthat longparallel
segmentsof the dislocationloopsae in the screworientation.This
will not-bestrictlytrue. Also,equation(A6)is basedon a calculation
for dislocations,otherwiseunrestrained,piledup againstan obstacle.
Actually,the segmentsare restrainedby jogs,thoughto a decreasing
degreegoingfromthe outerto the innerloops. The se~nts will not
be packd so closelyas indicatedin equation(A6). The resolvedshear
stressin the obliqueplaneon a deflectedsegmentwill be lessthan
that indicatedin equation(A18). However,even M T is only50 wrcent
of u, it shouldbe sufficientto push the screwsegmenta shortdis-
tanceMO the obliqyep-.

The repulsiveforcebe~een the dislocation~ the obliqueplane
and the dislocationsin tbe horizontalplanewill be much less if a seg-
ment nearerthe centerof the row of dislocationsis deflected.Probably
then a segent from the insideloop or the sourceitself,when it is in
the screworientation,is defI..ected.Deflectionof the sourcemeans,of
course,that no more loopswillbe generatedin the plane. This is prob-
ablythe principallimitingfactoron the stepheightsof the sliplines
and explainswby even in a highlystressedsamplevery few sliplines
withmore than 200-to 300-angstromstepheightsre observed.

,

.
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Figure 1.- Electron mi~ograplm of Bllp lines in crystal 4 elongated
1.5 percent and 4 percent. 25,0C0X.
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(a)Cryst_ 4; k-percentelongation.

Figure2.- Electronticrographsof sliplinesin crystalselongated4 per-
centand 10 percent. 20,000X.
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(b)Cry$tels68; 10-percent ekmgation.

Figure 2.- Concluded.
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(a) CrystalP68; 5-percentelongation.
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Figure5.- Shape of stress-strain curve for an aluminumsingle crystal
(from work of Rosifi ref. 16).
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(a) Transferalby jogsof a long (b)Transferalby Jogsof a short
screwsegmentinto an oblique screwsegmenthim au oblique
plane. plane.
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(c)liaguifi:~tiewlofsegment
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Figure12.- Deflectionby jogs.
partialdislocations

in (d)Dislocationloop in oblique
planeafterexpsnsiono
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Crosshatchhgrepresentssxeabetween
in sn extendeddislocation.
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End view of a row of screwdislocationsin xz-plane
deflectedscrewdislocationin an obliqueplane.
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